INTRODUCTION
============

The accurate determination of the electric current distribution in a conductor, including its magnitude and direction, is extremely essential for designing micro/nanodevices and integrated circuits, particularly in the case of an inhomogeneous distribution due to geometric constraint. Over the years, various techniques, such as scanning superconducting quantum interference device (SQUID) probe ([@R1]--[@R6]), scanning Hall probe ([@R7], [@R8]), and scanning tunneling magnetoresistance probes ([@R9], [@R10]), have been developed to map the current density distributions. These techniques probe the magnetic stray field generated by the current and then reconstruct the current density distribution based on the Biot-Savart law ([@R1]--[@R10]). These approaches do not provide a direct observation of the current, and the complex relation between the local stray field vector and the current density vector hampers the accurate mapping of the current density and direction ([@R1]--[@R10]). Moreover, these techniques are costly specialized instruments developed for the industry. Some scanning probes also need extreme conditions, such as very low temperatures, for example, in the case of SQUID probes. The current distribution that includes both the density and the direction can, in principle, be numerically simulated using finite element calculation ([@R11], [@R12]). However, because of the oversimplified model and difficulties to take into account the nonuniformity or tiny cracks in the real conductor, the results may not be convincing and trustable. To this day, it is still experimentally impossible to directly observe and map the inhomogeneous current distribution. Here, we demonstrate that magneto-optical Kerr effect (MOKE) microscopy commonly found in most magnetic materials laboratories can be used to directly map the inhomogeneous current density distribution vector (or distribution of electric field lines) in thin films. The key mechanism involved in the process is the motion of magnetic half-skyrmions ([@R13]) driven by an electrical current in heavy metal/ferromagnetic metal/heavy metal trilayers.

When an in-plane current flows in a heavy metal/ferromagnetic metal heterostructure, a spin current is generated within the heavy metal layer and is injected into the ferromagnetic layer because of the spin Hall effect (SHE) ([@R14]--[@R20]). The orientation of the spins **p** injected into the ferromagnetic layer is determined by$$\mathbf{p} = - \text{sgn}~\theta_{\text{SH}}(\mathbf{z}~ \times ~\mathbf{j})$$where θ~SH~ is the spin Hall angle of the heavy metal and **z** and **j** are the unit vectors of the interface normal and the electrical current density, respectively ([@R16], [@R17], [@R20]). If the polarization of injected spins is not parallel to the magnetization in the ferromagnetic layer, then this misalignment will generate spin torques that, in turn, through their accumulated actions, will induce the magnetization direction of the ferromagnetic layer to be switched, or bring the domain walls into motion ([@R15]--[@R18], [@R20]--[@R22]), when the current density is large enough. Recent studies have reported the observation of a current-driven motion of skyrmions in a heavy metal/ferromagnetic metal heterostructure due to the SHE ([@R21]--[@R23]). The paths of the skyrmions are governed by the skyrmion Hall effect ([@R22]). In principle, if the Hall angle is a known entity, then the current direction can be extracted from the trajectories of the skyrmions. However, the experimental results show that the skyrmion Hall angle depends notably on the current density due to the presence of disorder ([@R22]--[@R24]) and that a large number of images have to be taken during the application of current to record the paths of the skyrmions ([@R21]--[@R23]). This procedure is not an effective way of recording the moving paths. Moreover, it requires the application of an external magnetic field to stabilize the isolated skyrmions ([@R14], [@R21], [@R22], [@R25]--[@R32]). In our study, we observe the growth of very narrow strip domains driven by electric current pulses, in Pt/Co/Ta films, at zero magnetic field. The growth of these strip domains can be ascribed to the current-driven motion of the half-skyrmions ([@R13]). We find that the Hall angle of the half-skyrmions is independent of the current density. Therefore, it is easy to extract the current direction from the images of the domain patterns generated by the electrical current, particularly in the case of an inhomogeneous current density. Our ability to reduce the Hall angle to a small value (as small as 4°) by carefully tuning the effective perpendicular magnetic anisotropy (PMA) (obtained by varying the thickness of the Co layer) allows us to directly map the current distribution using the moving paths of the half-skyrmions.

RESULTS
=======

Magnetic characterization of the samples
----------------------------------------

We deposit Ta (5 nm)/Pt (3 nm)/Co (*t*)/Ta (2 nm) films with different thicknesses of the Co layer (see Materials and Methods). Hysteresis loops (see fig. S1) indicate that all samples have PMA. However, the effective anisotropy field μ~0~*H*~k~ decreases as the thickness of Co layer increases, as shown in [Fig. 1A](#F1){ref-type="fig"}. To fully understand the magnetization reversal behaviors of these samples, we observe their magnetic domain structures using a polar MOKE microscope (see section S1). [Figure 1](#F1){ref-type="fig"} (B and C) shows two typical magnetic domain patterns, captured after a few field pulses, for samples with thickness *t* = 1.8 or 2.0 nm. The dendritic growth of downward domains, clearly seen on the images in fig. S2, may be ascribed to the existence of Dzyaloshinskii-Moriya interaction (DMI) ([@R21], [@R30], [@R31]) (see fig. S3) in the sample and the relatively weaker PMA ([@R33], [@R34]). It is obvious that the width of each downward domain decreases as the Co thickness increases ([Fig. 1, B and C](#F1){ref-type="fig"}) because of the decrease of the PMA with increasing *t* ([Fig. 1A](#F1){ref-type="fig"}) ([@R33]). Note that the density of the effective nucleation sites in our films is very low because of the high homogeneity of the film. Hence, finding a nucleation site sometimes takes a very long time. When *t* is larger than 2.0 nm, the PMA of the samples becomes very weak, and the domain sizes are too small to be distinguished using a MOKE microscope. Eventually, the magnetization will lie in the plane of the film, as the PMA further decreases.

![Magnetic properties and domain images.\
(**A**) Effective perpendicular anisotropy field μ~0~*H*~k~ as a function of the thickness of the Co layer. Inset shows the schematic structure of Pt (3 nm)/Co (*t*)/Ta (2 nm), with *t* ranging from 1.5 to 2.0 nm. (**B** and **C**) MOKE microscopy image of a typical domain structure created in the films, with (B) *t* = 1.8 nm and (C) *t* = 2.0 nm. The black areas represent the magnetic domain, with a negative magnetization (*M*~z~ \< 0) created by the application of a negative field to positively saturated films with *M*~z~ \> 0 (white area).](aay1876-F1){#F1}

Current-induced half-skyrmion Hall effect
-----------------------------------------

To investigate the current-induced dynamics of the magnetic domain structures, we patterned the film into a long strip track with two electrodes on both long ends, as shown in [Fig. 2A](#F2){ref-type="fig"}. First, labyrinth-like domain patterns are generated (see Materials and Methods) in an upward saturated sample with *t* = 1.95 nm, as shown in [Fig. 2B](#F2){ref-type="fig"}. Current pulses with a density *j* = 5.2 × 10^10^ A m^−2^ are then applied to the strip track, for a total duration τ = 0.1 s, along the +*x* direction where the current density is normalized by the total thickness of Ta (5 nm)/Pt (3 nm)/Co (1.95 nm)/Ta (2 nm). [Figure 2C](#F2){ref-type="fig"} shows the Kerr image of the magnetic domain pattern after two current pulses. In this figure, we can clearly see the formation of new parallel, narrow, straight-strip domains with *M*~z~ \< 0 that grow from the existing labyrinth-like domains. The growing direction of the narrow domains has an almost fixed angle between the current directions (+*x*). Because of the well-defined chirality of the spin textures of the domain walls resulting from the DMI, the front ends of the strip domains can be considered as half-skyrmions with topology number of *Q* = 1/2, as shown in the right panel of [Fig. 2C](#F2){ref-type="fig"} ([@R13]). Therefore, we may call this phenomenon a "half-skyrmion Hall effect," with an estimated Hall angle (between the current and elongation directions of the domains in the image) of \~38°. Although the observed phenomenon is slightly different from the current-induced skyrmion Hall effect, where skyrmions move as rigid objects without changing in size, the physics behind both phenomena may still be similar or almost similar. To confirm this, we investigate the relationship between the current directions and the half-skyrmion moving directions. In total, four configurations are studied by varying the directions of magnetization (up and down) and that of the current (+*x* and −*x*) (see fig. S6). [Figure 2](#F2){ref-type="fig"} (D and E) shows the magnetic domain patterns, before and after the application of two current pulses along the +*x* direction, with the same current density and duration as used in [Fig. 2C](#F2){ref-type="fig"} in the same sample with a negative saturated magnetization. It is evident that, by reversing the magnetization direction, the moving direction of the half-skyrmions is also reversed because of the opposite topological charge (see the right panel of [Fig. 2E](#F2){ref-type="fig"}) ([@R22]). We conclude that the longitudinal component (along the *x* direction) of the velocity of the half-skyrmions always follows the direction of the current, i.e., against the direction of the electron flow. This behavior is very similar to that of Néel-type skyrmions in Pt-based trilayer films, where Pt is the bottom layer ([@R21], [@R23]). Moreover, the absolute values of the Hall angles are almost identical for all four configurations.

![Half-skyrmion Hall effect.\
(**A**) Optical microscope image of the long strip track. The electrodes are at both long ends. The width of the track ranges from 30 to 100 μm. (**B**) MOKE microscopy image of the magnetic domain generated by carefully applying a few negative magnetic field pulses to a positively saturated sample with *t* = 1.95 nm. The domain nucleated at a random position and grew into the track. (**C**) Magnetic domain patterns after two current pulses with *j* = 5.2 × 10^10^ A m^−2^ and τ = 0.1 s. The yellow arrow indicates the current direction; the green dashed arrow indicates the growth direction of the strip domains. The right panel shows the schematic spin texture of one front end of the strip domains, which is a half-skyrmion with *Q* = 1/2. MOKE microscopy image of the (**D**) magnetic domain patterns with opposite magnetization and (**E**) after the same two current pulses. (**F**) The magnetic domain patterns (the path of the half-skyrmions) after 50 current pulses with *j* = 7.64 × 10^10^ A m^−2^ and τ = 0.1 s for the sample with *t* = 1.5 nm. (**G**) Hall angles of the half-skyrmions as functions of the effective perpendicular anisotropy field μ~0~*H*~k~. Large green solid circles: Experimental data. Red dots and triangles are the data calculated on the basis of our theoretical model ([Eq. 2](#E2){ref-type="disp-formula"}), with α = 0.01, 0.018, and 0.1.](aay1876-F2){#F2}

A model based on Thiele approach ([@R35]) has been used to analyze the motion of the half-skyrmions driven by the spin-orbit torque (SOT) induced by the SHE (see section S2) and to obtain that the Hall angle θ of a half-skyrmion is governed by$$\theta = \text{arctan}\frac{16Q\sqrt{A/K_{\text{eff}}}}{\pi^{2}\alpha d}$$where *Q* = 1/2 is the skyrmion number, *A* is the exchange constant, *K*~eff~ is the effective PMA, *d* is the half-skyrmion size, and α is the Gilbert damping constant. According to the above prediction, we investigate the dependence of the Hall angles of the half-skyrmions on the *K*~eff~ by changing the thickness *t* of the Co layer, from 1.5 to 2 nm, in a systematic fashion (see fig. S7 and movies S1 and S2). Results are summarized in [Fig. 2G](#F2){ref-type="fig"} with a green solid circle. We find that the Hall angle of the half-skyrmions decreases monotonically, as the effective anisotropy field *H*~k~ increases, without indication of saturation in the low *H*~k~ regime. It is evident that the Hall angle of the half-skyrmions can be much larger in films with an even weaker PMA. However, we find that the magnetic domains in samples with a weaker PMA are too narrow to be distinguished by our MOKE system because of its resolution limits. Another very important piece of information presented in [Fig. 2G](#F2){ref-type="fig"} is that the Hall angle can be reduced down to \~4° by increasing the effective PMA, which is critical to directly map the current flow in thin films, as discussed below.

Using the data shown in fig. S8, the dependence of *K*~eff~, and the size of the half-skyrmion (or width of the strip domain) on the perpendicular anisotropy field (μ~0~*H*~k~) and assuming that *A* = 1 × 10^−11^ J m^−1^, we calculate the Hall angles of the half-skyrmions as a function of μ~0~*H*~k~ using [Eq. 2](#E2){ref-type="disp-formula"}, for α = 0.01, 0.018, and 0.1. We plot the results together with the experimental data ([Fig. 2G](#F2){ref-type="fig"}). Experimental data appear to be well described by [Eq. 2](#E2){ref-type="disp-formula"} with α = 0.018.

Current density dependence of the half-skyrmion Hall angle
----------------------------------------------------------

Current density is also an important parameter for applications, and [Eq. 2](#E2){ref-type="disp-formula"} predicts that the Hall angle of a half-skyrmion is independent of the driving current. To confirm this prediction experimentally, we vary the current density, *j*, applied to a sample with *t* = 1.95 nm, from 0 × 10^10^ to 6.54 × 10^10^ A m^−2^; we also vary the duration of the applied current, τ, from 1 ms to 10 s. Results are presented in [Fig. 3](#F3){ref-type="fig"} (A to D). In these figures, we can clearly see that, even for τ = 10 s (a nearly constant current), there is a current threshold, *j*~th~ = 3.76 × 10^10^ A m^−2^, to bring the half-skyrmions into motion and consequently trigger the growth of the strip domains ([Fig. 3A](#F3){ref-type="fig"}). With a smaller τ and *j* \< *j*~th~, we do not observe any response of the domain structure to the applied current. For *j* ≥ *j*~th~, the speed of the half-skyrmions (calculated using the fastest half-skyrmion) increases very slowly, from 1.14 to 68 μm s^−1^, as *j* is increased from 3.76 × 10^10^ to 5.2 × 10^10^ A m^−2^. When *j* becomes larger than 5.2 × 10^10^ A m^−2^, the speed increases sharply, as shown in [Fig. 3E](#F3){ref-type="fig"}. However, even the maximum speed, at *j* = 6.1 × 10^10^ A m^−2^, is only 5 mm s^−1^, being in the creep-motion regime ([@R36]). The Hall angles under different current densities are estimated and summarized in [Fig. 3E](#F3){ref-type="fig"}. We find that the Hall angle is almost independent of the current density and that they remain constant, at a value of approximately 38°, which confirms the above prediction.

![Relationship between the half-skyrmion Hall angle and current density.\
(**A** to **D**) Magnetic domain patterns after application of one current pulse with different *j* and τ. The yellow arrow indicates the current direction. (**E**) Dependence of the maximum velocity of the half-skyrmion and the corresponding Hall angles as functions of *j*.](aay1876-F3){#F3}

Reconstruction of the inhomogeneous electric current distribution
-----------------------------------------------------------------

Because the Hall angle of the half-skyrmions is independent of the applied current density and the trajectories of the half-skyrmions are perfectly recorded/reflected by the elongation of the very narrow strip domains, the images of the narrow domains can be used to reconstruct the distribution of the inhomogeneous electric current. To demonstrate the feasibility of this technique, we bond the copper electrode directly on a multilayer film, with *t* = 1.95 nm, as shown in [Fig. 4](#F4){ref-type="fig"}. We measure the resistance between the two electrodes and find it to be 64.43 ohms. The sample is first magnetized to saturation using a positive magnetic field. When a +9-V voltage pulse with τ = 10 ms is applied between the two electrodes, a very interesting, well-shaped pattern can be observed on the Kerr image. This shows that many strip domains are generated near the two electrodes, in areas with the highest current density. Subsequently, the strip domains grow from the left electrode to the right electrode, following a path that is governed by the half-skyrmion Hall effect as shown in [Fig. 4A](#F4){ref-type="fig"}. In this figure, the directions in which the strip domains grow (or the moving direction of the half-skyrmions) are shown at four random positions using green arrows. Considering that the Hall angle is 38° for the sample represented in [Fig. 3E](#F3){ref-type="fig"}, we are able to obtain the current directions (orange arrows) at those four random positions by rotating the green arrow 38° clockwise. When the polarity of the voltage (or current flow direction) is reversed, the strip domains grow from the right electrode to the left electrode ([Fig. 4B](#F4){ref-type="fig"}). We then saturate the sample with a negative magnetic field, which leads to the creation of upward strip domains that grow from the positive electrode to the negative one with Hall angles opposite to that observed in [Fig. 4, A and B](#F4){ref-type="fig"}, as shown in Fig. 4, C and D. The direction of the strip domain growth and the corresponding direction of electric current at four random positions are also indicated in [Fig. 4](#F4){ref-type="fig"} (B to D). To verify the validity of the current distribution constructed on the basis of the Kerr images, we calculate the corresponding current distribution using finite element modeling as shown in [Fig. 4E](#F4){ref-type="fig"} (see Materials and Methods). We find that the experimental results reconstructed from the Kerr images match the numerical results very well.

![Reconstruction of the electric current streamline distribution.\
(**A** to **D**) Magnetic strip domain patterns after applying a 9-V voltage pulse with τ = 10 ms on a saturated sample of *t* = 1.95 nm with a half-skyrmion Hall angle of 38° for four cases with different saturation directions and current directions. The directions of the moving half-skyrmions at four random positions are marked with green arrows. Then, we rotate the arrows about +38° or −38° according to the Hall angle to obtain the current directions (orange arrows) at those corresponding locations. (**E**) Simulated electric current streamline in a pure metallic film with the same configuration as that in (A) to (D). The orange arrows indicate current directions obtained experimentally in (A) to (D). (**F**) Magnetic strip domain patterns after applying a 9-V voltage pulse with τ = 10 ms on a saturated sample of *t* = 1.5 nm with a half-skyrmion Hall angle of 4°. The yellow line represents the simulated electric current streamline in a pure metallic film with the same configuration. Because the electrodes were bonded randomly on the film, the positions of electrodes in (F) are different from that in (A) to (E).](aay1876-F4){#F4}

Direct imaging of the inhomogeneous electric current distribution
-----------------------------------------------------------------

As shown in [Fig. 2G](#F2){ref-type="fig"}, the Hall angle decreases sharply as the effective PMA increases and the Hall angle can be reduced down to 4° for the sample with *t* = 1.5 nm. It is obvious that the strip domain grows almost in alignment with the current direction in the samples. Therefore, the Kerr images of the domain patterns can be considered as a viable direct mapping technique of an inhomogeneous current distribution. We then perform the same experiment using the *t* = 1.5 nm sample. Kerr images of the domains obtained with *V* = 9 V and τ = 10 ms are shown in [Fig. 4F](#F4){ref-type="fig"}. It is clear that the magnetic domain pattern is very similar to the distribution of the simulated electric current distribution results (yellow line), as shown in [Fig. 4F](#F4){ref-type="fig"}.

In addition, we pattern the film with *t* = 1.5 nm into a curved track and investigate the trajectory of half-skyrmions driven by current pulses. [Figure 5A](#F5){ref-type="fig"} shows the initial magnetic domain state generated by applying a few negative magnetic field pulses to the positively saturated curved track. Some half-skyrmions are then created from the left entrance of the curved structure when a current pulse with *j* = 7.83 × 10^10^ A m^−2^ is applied from left to right. It can be seen that a half-skyrmion with *Q* = 1/2, indicated by the yellow dashed circle, moves along the curved conduction path, as shown in [Fig. 5](#F5){ref-type="fig"} (B to D) (see the detailed process in movie S3). Note that, because the initial state is a wide domain wall ([Fig. 5A](#F5){ref-type="fig"}), the width of the created strip domain at the rear part is also large and that a pinning site, as indicated by the red arrow in [Fig. 5C](#F5){ref-type="fig"}, splits the strip domain and creates one more half-skyrmion, as indicated by the cyan dashed circle. [Figure 5E](#F5){ref-type="fig"} shows that a half-skyrmion with *Q* = −1/2, indicated by the red dashed circle, moves into the left side of the curved track. Then, a very beautiful strip domain with uniform width created by the trajectory of the half-skyrmion along the curved track is observed, as shown in [Fig. 5](#F5){ref-type="fig"} (E to H).

![Trajectory of half-skyrmions in a curved structure.\
(**A**) MOKE microscopy image of the initial magnetic domain generated by carefully applying a few negative magnetic field pulses to a positively saturated curved structure sample with *t* = 1.5 nm. (**B** to **H**) Magnetic domain patterns after the (B) 3rd, (C) 12th, (D) 24th, (E) 52nd, (F) 54th, (G) 55th, and (H) 60th current pulse with *j* = 7.83 × 10^10^ A m^−2^ from left to right. The pulse duration is τ = 0.1 s before the 39th current pulse and increases to τ = 0.5 s from the 39th current pulse. The yellow and cyan dashed circles in (B) to (D) indicate the positions of half-skyrmions with *Q* = 1/2. The red arrow in (C) indicates a pinning site. The red dashed circles in (E) to (H) indicate the position of a half-skyrmion with *Q* = −1/2.](aay1876-F5){#F5}

These results demonstrate that the half-skyrmion paths can be used to directly map an inhomogeneous current distribution. For practical applications, to map the current distribution arising from a complex set of the electrodes, one can deposit a heterostructure as simple as Pt/Co/Ta and image the domain pattern using a Kerr microscope. These microscopes are commonly available in most magnetic materials laboratories.

DISCUSSION
==========

One of the most important features in our observation is that the moving direction of the half-skyrmion does not depend on the current density, which is in stark contrast to the fact that the Hall angle of an individual moving skyrmion depends nearly linearly on the current density in the low--current density regime and saturates at a threshold current density, as observed in a Ta/CoFeB/TaO*~x~* system by Jiang *et al.* ([@R22]). This can be understood as follows.

For an individual skyrmion, its motion can be described by Newton's law, where the skyrmion is considered as a rigid particle and its internal structure and energy are constant. The forces include the effective driving force induced by the current that has a fixed direction (includes both the SOT-induced force and the Magnus force), the pinning force of defects, and the scattering by defects in the materials ([@R37], [@R38]). Under a small current density, the driving force may just be slightly stronger than the pinning force. After each de-pinning process, the kinetic energy (or velocity) of the skyrmion would be quite small. It can then be scattered easily by the random potentials originated from defects again and again, which leads to a random change in velocity (direction and magnitude), most likely, similar to the scattering of electrons by the defects in a conductor. Therefore, the motion of individual skyrmions should be pretty random. By increasing the current density, the driving force will gradually dominate over other forces; consequently, the motion of individual skyrmions will also be gradually governed by the driving force induced by the current, and therefore, the average direction should gradually move to the driving force direction. Eventually, as the current density increases to a threshold value, the moving direction of individual skyrmions will be fully aligned with the force direction. In this saturated case, the pinning force and scattering become a perturbation in comparison with the large driving force.

However, during the elongation of skyrmion through the motion of a half-skyrmion driven by a current, more spins will be flipped along the direction of the effective driving force, which changes the internal structure and energy of this skyrmion, although the skyrmion number is constant. Because the motion of the half-skyrmion is a consequence of the spin flipping caused by current force, only the spins in the direction of the effective driving force can be flipped. The spins away from the effective driving force direction cannot flip because there is not enough energy (or torque) to de-pin the domain walls. Therefore, it is difficult for the half-skyrmion to move away from the driving force direction. Half-skyrmions have three advantages with respect to skyrmions: (i) The Hall angle of the half-skyrmions is independent of the applied current density. (ii) No external field is required for the stabilization of half-skyrmions. (iii) The trajectories of the half-skyrmions could be perfectly recorded/reflected by the elongation of the very narrow strip domains. On the basis of these, we could easily reconstruct the current distributions from the Kerr microscopy image of strip domains. By tuning the Co thickness, the Hall angles of half-skyrmions can be reduced to as small as 4°. The Hall angle is so small that paths of half-skyrmions approximately delineate the invisible current flow, which have been demonstrated in both the continuous film and the curved track sample.

MATERIALS AND METHODS
=====================

PMA multilayer stacks Ta (5 nm)/Pt (3 nm)/Co (*t*)/Ta (2 nm), with *t* ranging from 1.5 to 2.0 nm, were deposited on thermally oxidized Si substrates, using dc magnetron sputtering (Singulus) at room temperature. The pressure of the Ar gas was set to 0.4 Pa, with a base pressure lower than \~2 × 10^−5^ Pa. The patterned straight and curved tracks were prepared using lithography and Ar ion milling. Differential polar MOKE measurements were performed using a commercial MOKE microscope from Evico Magnetics. The evolution of the domain structures was imaged and recorded using a quasi-static technique, in which each image was taken in a zero field after each pulse. Note that the domain size and morphology remained almost unchanged at zero external field during the imaging. Voltage pulses were applied with an Agilent arbitrary waveform generator and amplified using a KEPCO bipolar operational power supply/amplifier. Before imaging the paths of the half-skyrmions induced by the current in the track, we applied magnetic field pulses with magnitudes slightly larger than the coercive field and durations of 0.1 s, one by one manually, until the reversed labyrinth-like domain patterns generated in the upward saturated film by the pulses move inside the imaging area. Finite element modeling calculations of electric current distributions were performed using COMSOL Multiphysics. A metallic Co film with a conductivity of 1.6 × 10^7^ S m^−1^ was chosen as the sample. The size of electrodes and the distance between two electrodes used in the simulations are the same as the experimental configuration.
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